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Recent results show that atmospheric �� oscillate with Æm2
' 3� 10�3 eV2 and sin2 2�atm ' 1,

and that conversion into �e is strongly disfavored. The Super-Kamiokande (SK) collaboration, using
a combination of three techniques, reports that their data favor �� ! �� over �� ! �sterile. This
distinction is extremely important for both four-neutrino models and cosmology. We propose that
neutrino-proton elastic scattering (� + p! � + p) in water �Cerenkov detectors can also distinguish
between active and sterile oscillations. This was not previously recognized as a useful channel since
only about 2% of struck protons are above the �Cerenkov threshold. Nevertheless, in the present SK
data there should be about 40 identi�able events. We show that these events have unique particle
identi�cation characteristics, point in the direction of the incoming neutrinos, and correspond to a
narrow range of neutrino energies (1 � 3 GeV, oscillating near the horizon). This channel will be
particularly important in Hyper-Kamiokande, with � 40 times higher rate. Our results have other
important applications. First, for a similarly small fraction of atmospheric neutrino quasielastic
events, the proton is relativistic. This uniquely selects �� (not ���) events, useful for understanding
matter e�ects, and allows determination of the neutrino energy and direction, useful for the L=E
dependence of oscillations. Second, using accelerator neutrinos, both elastic and quasielastic events
with relativistic protons can be seen in the K2K 1-kton near detector and MiniBooNE.

PACS numbers: 13.15.+g, 25.30.Pt, 29.40.Ka FERMILAB-Pub-03/003-A, FTUV-03-0109, IFIC/03-01

I. INTRODUCTION

High-statistics atmospheric neutrino data from Super-
Kamiokande (SK) show �� vacuum oscillation disappear-

ance with Æm2
' 3 � 10�3 eV2 and sin2 2�atm ' 1 [1].

Both atmospheric [1] and reactor [2] data strongly disfa-
vor �� ! �e oscillations, so one of the crucial remaining
questions is whether the oscillations are of �� ! �� or
�� ! �sterile, or a mixture. A de�nite answer would have
important implications for four-neutrino mixing models
designed to accommodate [3] the LSND signal [4] and
also for the role of neutrinos in cosmology [5].
A variety of techniques have been proposed to distin-

guish between atmospheric �� ! �� and �� ! �sterile
oscillations [6, 7, 8, 9, 10]. The SK collaboration reports
that their data favor pure active oscillations �� ! ��
over pure sterile oscillations �� ! �sterile at better than
the 99% CL [11], though an appreciable sterile admix-
ture remains possible. This claim is based on a com-
bination of three techniques: (i) matter e�ects on the
partially-contained and throughgoing-muon samples, (ii)
the contribution of inelastic neutral-current events with
pions to the fully-containedmulti-ring events sample, and
(iii) statistically-identi�ed tau lepton decays. Individu-
ally, these techniques do not o�er strong evidence, and
the latter two are made diÆcult by large backgrounds.
We propose a new technique for active-sterile discrim-

ination: neutrino-proton elastic scattering,

� + p! � + p ; (1.1)

from both free and bound protons, where the struck pro-

ton is above the �Cerenkov threshold (see also a related
detection application at low energies in Ref. [12]). This is
a neutral-current (NC) channel, and so directly measures
the total active neutrino 
ux. The number of charged-
current (CC) atmospheric neutrino events in SK is � 104,
and the ratio of cross sections �NC=�CC ' 0:2 for both
neutrinos and antineutrinos in this energy range [13], so
we expect � 103 NC events. It has always been assumed
that protons above the �Cerenkov threshold are too small
in number and too diÆcult to identify. We show that
the number of events is reasonable and that the pro-
tons are identi�able. The protons are directional, and
an up-down ratio discriminates between active and ster-
ile oscillations since upgoing �� are fully detectable while
upgoing �sterile are invisible.
This detection channel for atmospheric neutrinos in

SK was mentioned by Vissani and Smirnov, but was
dismissed as having too few events above the �Cerenkov
threshold [6]. Some estimates for the event rate were
mentioned in SK Ph.D. theses [14]. In those studies, all
of the protons were classi�ed by the Monte Carlo as ei-
ther e-like or �-like, and were assumed to be buried by
the much more numerous relativistic electrons and muons
from CC channels. It is unknown what fraction of rela-
tivistic protons failed general cuts designed for electrons
and muons, and hence were not classi�ed at all.
In what follows, we develop the case that atmo-

spheric neutrino-proton elastic scattering events above
the �Cerenkov threshold should be in the present SK data
set, that they can be identi�ed, and that they will be
very useful in studying neutrino oscillations. Finally, we
identify some other applications of our results.
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FIG. 1: Di�erential �+ p! �+ p cross section as a function
of proton momentum (note log scale used for display). Upper
lines correspond to neutrinos and lower lines to antineutrinos,
at E� = 1 GeV (solid), 3 GeV (dotted), and 50 GeV (dashed),
terminated at the maximum allowed proton momentum (only
visible in the 1 GeV case). The �Cerenkov threshold in water
at p = 1:07 GeV is shown with a thin dotted line.

II. CROSS SECTION FOR � + p! � + p

A. Free Proton Targets

The neutrino-proton elastic scattering cross section is
an important prediction of the Standard Model that has
been con�rmed at GeV energies, e.g., in the E734 exper-
iment [13]. The di�erential cross section on free proton
targets in terms of the struck proton momentum p (and
corresponding mass Mp, kinetic energy Tp, and total en-
ergy Ep) and neutrino energy E� is given by [15]

d�el
dp

=
G2
FM

3
p p

4�E2
�Ep

�
A� B

(s � u)

M2
p

+C
(s � u)2

M4
p

�
: (2.1)

The minus (plus) is for neutrinos (antineutrinos), and

A = 4�
�
G2
A(1 + � ) � F 2

1 (1� � )

+ F 2
2 (1� � )� + 4F1F2�

�
(2.2)

B = 4�GA(F1 + F2) (2.3)

C =
1

4

�
G2
A + F 2

1 + F 2
2 �
�
; (2.4)

where s�u = 4Mp (E� �Mp� ), � = Q2=4M2
p , and Q

2 =

�q2 = 2MpTp. The di�erential cross section is shown in
Fig. 1. Almost all of the struck protons are below the
�Cerenkov threshold; the subject of this paper are those
few above it. Since this is a neutral-current channel, all
active 
avors of neutrinos contribute equally (though the
antineutrino cross section is smaller at the relevant E�).
We consider backgrounds to the detection of protons in
the elastic channel in detail below.
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FIG. 2: The components of the di�erential � + p ! � + p
cross section: the sum (solid line), A term (dot-dashed line),
B term (dotted line) and C term (dashed line) for E� = 2
GeV, as a function of the recoil proton momentum p. For
antineutrinos, the B term contributes with the opposite sign,
and so the di�erential cross section is much smaller. Note
that only p > 1 GeV is shown, in contrast to Fig. 1.

The most important proton recoil momenta lie between
about 1 and 2 GeV. The lower limit is determined by the
�Cerenkov threshold in water at 1.07 GeV, and the upper
limit by the falling di�erential cross section (and neutrino
spectrum). In Fig. 2, we show the separate terms of the
di�erential cross section for E� = 2 GeV (other relevant
energies give similar results). The most important terms
in Eq. (2.1) are the B and C terms, which are compa-
rable. For neutrinos, they add constructively, and for
antineutrinos, they add destructively. The suppression
of the di�erential cross section at large proton momenta
is caused by the decrease of the form factors at large Q2.
The vector form factors F1 and F2 that couple the

exchanged ZÆ to the proton have been well measured in
electron-nucleon scattering, and are

F1 = (1� 2 sin2 �W )(G3
V � F 3

V )

�
2

3
sin2 �W (G0

V � F 0
V ) (2.5)

F2 = (1� 2 sin2 �W )F 3
V �

2

3
sin2 �WF 0

V ; (2.6)

where sin2 �W = 0:231. The remaining form factors have
a dipole form (vector mass MV = 0:84 GeV), and are

G3
V =

1

2

1 + �p � �n
(1 +Q2=M2

V )
2

(2.7)

G0
V =

3

2

1 + �p + �n
(1 +Q2=M2

V )
2

(2.8)

F 3
V =

1

2

�p � �n
(1 + � )(1 + Q2=M2

V )
2

(2.9)

F 0
V =

3

2

�p + �n
(1 + � )(1 + Q2=M2

V )
2
; (2.10)
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where �p = 1:793 and �n = �1:913 are the proton and
neutron anomalous magnetic moments.
The axial form factor is assumed to have a dipole form

(axial mass MA = 1:03 GeV), given by

GA = �
1

2

1:267

(1 +Q2=M2
A)

2
: (2.11)

The main uncertainty in the di�erential cross section,
Eq. (2.1), is caused by uncertainties in GA. While neu-
trino scattering experiments suggest MA = 1:03 GeV,
charged-pion electroproduction data [16] suggest MA =
1:08 GeV; all of the data are reviewed in Ref. [17]. The
larger value of MA would increase the di�erential cross
section by about 10% in the interval we are interested in.
There can also be strange sea quark contributions to all
of the form factors, especially the spin contribution �s
that modi�es the axial form factor [18], possibly increas-
ing the di�erential cross section by about 10%. However,
the e�ects of changing �s and MA are correlated. We
do not assume enhancements to the cross section from
either a larger MA or a �s contribution.

B. Nuclear E�ects

We have so far only considered free protons, which
are 2 out of 10 targets in water. Bound protons have
nonzero initial momenta (Fermi motion), and the struck
protons cannot make transitions to already-�lled states
at low energies (Pauli blocking). In typical Fermi-gas
models (pF ' 220 MeV) for neutrino interactions at a
few GeV, these e�ects reduce the total cross section by
about 20% [19]. However, these e�ects can be neglected
when the struck proton is above the �Cerenkov threshold.
In this limit, the struck proton is ejected from the nucleus
and the momentum transfer greatly exceeds the initial
momentum. This may be seen from the di�erential cross
section results (for the CC channel) in Refs. [19, 20].
The struck proton may reinteract as it leaves the nu-

cleus [20]; at the relevant momenta, the interaction prob-
ability is about 1/2, corresponding mostly to forward
elastic collisions [21]. There are neutrino interaction
codes [22] that take nuclear reinteractions into account,
but we do not. The average momentum loss for protons
bound in oxygen in quasielastic scattering using the K2K
neutrino beam is only ' 90 MeV [21]; it is reasonable to
assume a similar average value for elastic atmospheric
neutrino events. Since the spectrum dN=dp is so steep
(see below), taking this into account could reduce the
number of events above the �Cerenkov threshold by about
20%. We neglect this e�ect because we are also neglecting
the fact that there would be some compensation to this
loss from � + n! � + n (about 1.5 times larger than for
protons) followed by a n+p! p+n nuclear reinteraction
that transfers most of the momentum to the proton. A
full detector Monte Carlo will be needed to model these
e�ects, along with the details of the �Cerenkov particle
identi�cation and backgrounds.
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FIG. 3: The di�erential cross section d�el=d cos �p (�p is the
angle of the struck proton with respect to the incoming neu-
trino direction) for di�erent neutrino energies, E� = 1 (dashed
line), 2 (dotted line), 3 GeV (dot-dashed line). The solid-line
segment of each curve indicates protons that are above the
�Cerenkov threshold. Since we are neglecting proton reinter-
actions in the nucleus, only the forward hemisphere is shown.

C. Angular Distribution

In order to discriminate between active and sterile os-
cillations, the struck protons must be directional. The
angles of the �nal particles relative to the initial neutrino
direction are given by

cos �p =
E� +Mp

E�

s
Tp

Tp + 2Mp
(2.12)

cos �� = 1�
MpTp

E�(E� � Tp)
: (2.13)

The maximum proton momentum is obtained when the
neutrino reverses its direction and the proton goes for-
ward. The most important neutrino energies for this
channel are 1 � 3 GeV, so for Æm2

' 3 � 10�3 eV2,
the oscillation length corresponds to the direction of the
horizon. Thus downgoing �� have not oscillated yet, and
upgoing �� have oscillated into either �� (same rate as
downgoing) or �sterile (a reduced rate). As shown in
Fig. 3, most protons emerge at rather large angles relative
to the neutrino direction. However, these are the same
majority of protons that are below the �Cerenkov thresh-
old. The relevant protons above the �Cerenkov threshold
are in fact quite forward, but not perfectly so (we show
below that the lowest neutrino energies are the most rele-
vant). Compared to the intrinsic angular variation, angu-
lar de
ections from nuclear reinteractions [21] can almost
always be ignored.
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FIG. 4: Proton spectrum, dN/dp (yr GeV)�1, as a function
of proton momentum (solid line) in the 22.5 kton mass of SK.
Note that the spectrum falls very quickly (vertical log scale).
The �Cerenkov threshold for protons in water is also shown
(thin dotted vertical line).

III. PROTON RECOIL SPECTRUM

A. No-Oscillation Prediction

The struck proton momentum spectrum in SK for no
oscillations (or oscillations among active 
avors only) is

dN

dp
(p) = Z

1Z
(E� )min

dE�
dN�

dE�
(E�)

d�el
dp

(E� ; p) (3.1)

where Z = 7:5 � 1033 is the number of protons (free
and bound) in the 22.5 kton �ducial mass of SK and
d�el=dp is the di�erential elastic cross section, Eq. (2.1).
The atmospheric neutrino 
ux [23] dN�=dE� has been
integrated over 4� (this is done only to calculate the total
yields, as in practice the directionality of the protons
can be used). We sum over all three 
avors of neutrinos
and antineutrinos, taking into account the reduced cross
section for antineutrinos. The minimumneutrino energy
for a given proton momentum is

(E�)min =
1

2
(Ep + p�Mp) : (3.2)

In Fig. 4, we show the complete momentum spectrum
for protons elastically scattered by atmospheric neutrinos
and antineutrinos in SK, per year of detector livetime.
The spectrum falls very steeply, and the fraction of

protons above the �Cerenkov threshold at p = 1:07 GeV
is very small, about 2%. For the present exposure time
of SK, 1489 days, we predict about 60 protons above
the �Cerenkov threshold (and about 2000 below). In or-
der to normalize our results, we calculated the number
of quasielastic events in SK; we agree with the SK no-
oscillation numbers if we assume a detector eÆciency of
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FIG. 5: Proton spectrum, dN/dp (yr GeV)�1, as a function
of proton momentum for di�erent neutrino energy intervals
contributing to it: all neutrinos (solid line), up to 1 GeV
(dashed line), [1, 2] GeV (dot-dashed line), [2, 3] GeV (dotted
line), [3, 4] GeV (doubly-dot-dashed line), [4, 5] GeV (short-
dashed line). Note that only p > 1 GeV is shown.

about 0:7 (approximately the oÆcial SK number). Thus
in the present data there should be about 40 elastically-
scattered protons above the �Cerenkov threshold. This
number is small, but it should be noted that much more
data is expected from SK in the future. And indeed,
possibly also from a future 1 Mton Hyper-Kamiokande
detector with � 40 times higher rate [24] (or UNO, with
� 20 times higher rate [25]); a high-statistics sample of
neutrino-proton elastic scattering events could then be
quickly collected.

The small number of protons above the �Cerenkov
threshold is a consequence of the large proton mass and
the shape of the di�erential cross section, which falls
steeply above a peak at p ' 400 MeV, as shown in
Fig. 1. Additionally, the atmospheric neutrino spectrum
is steeply falling with neutrino energy, and this is not
compensated by growth in the cross section, since both
the di�erential and total elastic cross sections become
independent of neutrino energy above a few GeV.

About 95% of the protons above threshold are in the
interval between p = 1:07 GeV and 2 GeV. This plays a
crucial role in distinguishing protons from other charged
particles, as well as the details of how they are stopped.
In Fig. 5, we show how di�erent ranges of neutrino energy
contribute to the proton spectrum in this momentum in-
terval. About 90% of the protons above the �Cerenkov
threshold are produced by neutrinos with E� < 5 GeV,
and in fact, the majority are produced by much lower
neutrino energies. The kinks in Fig. 5 arise because we
consider both minimumand a maximumneutrino energy
to draw each curve; e.g., the dotted line for neutrino en-
ergies between 2 and 3 GeV has a kink at p ' 2:4 GeV
because we do not include neutrino energies below 2 GeV.
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B. E�ect of Neutrino Oscillations

The vacuum oscillation length is

Losc =
4�E�

Æm2
� 1000

�
E�

1 GeV

�
km (3.3)

where we have used Æm2
' 3� 10�3 eV2 [1, 11]. This is

close to the distance to the horizon, so that downgoing
neutrinos have not oscillated and upgoing neutrinos have
oscillated several times. Since the mixing is maximal,
half of the upgoing �� remain �� and half oscillate to
either �� or �sterile.
As shown in Fig. 3, the initial neutrino direction is

largely maintained by the proton direction, the latter to
be measured from its �Cerenkov cone. We show below
that the neutrino energy can also be estimated from the
proton �Cerenkov information, so that L�=E� can be es-
timated on an event-by-event basis, which improves the
ability to study neutrino oscillations. Even in the ab-
sence of a neutrino energy estimate, Fig. 5 shows that
only a narrow range of neutrino energies contributes to
the signal above the �Cerenkov threshold but below where
the proton spectrum is greatly diminished.
There are uncertainties in the neutrino-proton elastic

scattering cross section, e.g., from the axial form fac-
tor as well as from nuclear corrections to the free-proton
cross section. There are also uncertainties introduced
by our simple modeling of SK. For example, the number
of protons above the �Cerenkov threshold is quite sensi-
tive to the index of refraction; we assumed 1.33, but in
a more careful treatment one would have to model the
wavelength dependence of the �Cerenkov emission, atten-
uation, index of refraction, and phototube quantum ef-
�ciency. Finally, there is also a 20% uncertainty on the
atmospheric neutrino 
ux normalization. In light of these
facts, we must focus on a normalization-independent ob-
servable such the zenith angle spectrum shape, or at least
an up-down ratio.
Consider an initial atmospheric neutrino 
avor ratio of

�e : �� : �� = 1 : 2 : 0, which is a good approximation.
Downgoing neutrinos have not oscillated, and have these

avor ratios. However, the upgoing neutrinos have oscil-
lated several times. For maximal mixing of �� to either
�� or �sterile, the 
avor ratios for the upgoing events are
either 1 : 1 : 1 or 1 : 1 : 0 (we ignore mixing with �e
as well as matter e�ects). Since this is a neutral-current
cross section, equally sensitive to all 
avors, the upgoing

ux divided by the downgoing 
ux would be 1 for pure
active oscillations and 2/3 for pure sterile oscillations.
Assuming 40 events in the present SK data, this corre-
sponds to 20 downgoing events and either 20 (active case)
or 13 (sterile case) upgoing events, the latter re
ecting
a 1.5 sigma deviation. Thus with the present data this
technique could not be decisive, but none of the three
techniques used by SK to distinguish �� from �sterile is
individually decisive [11]. The advantage of neutrino-
proton elastic scattering is that it could be rather clean,
both in concept and in practice.

IV. PROTON PARTICLE IDENTIFICATION

A. Electron and Muon PID

In this section, we show how relativistic protons from
neutrino-proton elastic scattering can be separated from
other single-ring events in a �Cerenkov detector like SK.
Quasielastic interactions of atmospheric neutrinos create
relativistic electrons and muons that produce �Cerenkov
radiation, which is seen by phototubes as rings on the
walls of the detector. The rates are large, of order 103

events per year, to be compared to of order 10 relativistic
protons per year. However, the unique particle identi�-
cation (PID) properties of protons will allow rejection of
these backgrounds.

Electrons and muons are stopped by continuous elec-
tromagnetic energy losses (mostly ionization, but also ra-
diative losses for electrons); �Cerenkov radiation does not
cause signi�cant energy loss. The continuous energy loss
�dE=dx is given by the Bethe-Bloch equation, reviewed
in Ref. [26]. The range of a charged particle, the distance
required to bring it to rest, is obtained immediately by
integration. In Fig. 6, we show the range of muons in
water as a function of momentum. Electrons, because
of their small mass, have higher �dE=dx for the same
momentum and are stopped in less distance; in addi-
tion, multiple scattering changes their direction. We also
show a range curve for protons, which would be correct
if protons only lost energy electromagnetically (at high
momenta, where � = 1, the proton and muon range are
nearly the same; at low momenta, the proton velocity
is less and hence the electromagnetic losses are higher).
However, for protons in the relevant momentum range,
discrete nuclear collisions are more important than con-
tinuous electromagnetic energy losses.

Since most atmospheric neutrinos are at energies of
at least a GeV, the electrons and muons created in
quasielastic reactions almost all have an initial velocity
of � ' 1. This corresponds to the maximum �Cerenkov
intensity, and a �Cerenkov emission angle of 41Æ in water.
For muons, the outer edge of the �Cerenkov rings is sharp,
but for electrons, which su�er changes in direction due
to multiple scattering, the outer edge has a more fuzzy
appearance. As the velocity decreases, the �Cerenkov an-
gle and intensity both decrease. In an ideal detector, the
rings on the wall would �ll in completely as the particle
slowed down (and approached the wall). In practice, the
rapid decrease in the �Cerenkov angle and intensity once
the particle falls below � ' 1 mean that the inner edge
of the �Cerenkov rings is typically undersampled. This is
especially true for electrons, which lose velocity in less
distance than muons. Thus muon rings have a sharp
outer edge and are partially �lled in, whereas electron
rings are fuzzy and not �lled in. Electrons and muons
can be very reliably distinguished in SK (to about 1%),
as has been con�rmed by a variety of means, including
direct beam tests at KEK [27].
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B. Proton PID: Nuclear Collisions Only

Unlike electrons and muons at these momenta, protons
have a large cross section for nuclear collisions. If elec-
tromagnetic energy losses can be ignored, as we assume
in this subsection, then the fraction of protons surviving
a distance x without undergoing a nuclear collision is

N (x)=N (0) = exp(�x=�N ) : (4.1)

For the nuclear attenuation length �N in water, we use

�N = [(�=MH2O) �p+H2O]
�1 ; (4.2)

where �=MH2O is the number density of water molecules.
For the cross section, we use

�p+H2O = �p+16O + 2�p+pfree : (4.3)

Note that we cannot simply use the number density of
nucleons in water, since nucleons bound in nuclei shadow
each other (since nuclear densities are approximately con-
stant, the cross sectional area of a nucleus scales as A2=3).
For scattering from 16O, we use only the reaction (inelas-
tic) cross section, taken fromRef. [28] (which corrects the
earlier Ref. [29]). We have not included the elastic part of
the cross section on 16O, as it is very strongly peaked in
the forward direction [30], corresponding to minimalmo-
mentum loss (for a proton with p = 2 GeV, a scattering
angle less than 20 degrees corresponds to less than 1%
change in momentum). For scattering from free protons,
we do use the total cross section, taken from Ref. [26, 31];
since the target and projectile have the same mass, it is
easier to have substantial momentum transfer. Above
1 GeV momentum, the proton nuclear cross section on
water is nearly constant at about 390 mb; the oxygen
reaction cross section is about 300 mb, and the proton
cross section is about 45 mb.
In Fig. 6, we show the nuclear attenuation length for

protons in water, ignoring electromagnetic losses. Above
the �Cerenkov threshold, this length is always shorter than
the electromagnetic range of protons calculated if nuclear
collisions are ignored. Thus in this subsection we consider
that only nuclear collisions are important, and in the
next subsection we calculate the corrections due to elec-
tromagnetic energy losses. In either case, protons have a
short path length and will be fully-contained events.
Since 95% of the proton events are in the momentum

range of 1� 2 GeV, with a steeply falling spectrum (see
Fig. 5), a single nuclear collision with even moderate mo-
mentum transfer brings the proton below the �Cerenkov
threshold. In an inelastic collision with an oxygen nucleus
that breaks it into several fragments, it is very unlikely
than any of them are above the �Cerenkov threshold. In
a collision with a free proton, the initial momentum of
less than 2 GeV is shared between both protons, leav-
ing them both below the �Cerenkov threshold (a forward
elastic collision might exchange the projectile and target
protons, causing little change in the �Cerenkov pattern
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FIG. 6: Distance (g=cm2) traveled in water by protons and
muons as a function of momentum. We show the range (the
distance to come completely to rest by electromagnetic losses
alone) for muons (dashed line) and protons (dot-dashed line).
For protons, we also show the nuclear attenuation length �N
in water (solid line), the distance over which a fraction 1=e
of protons travel without scattering. The �Cerenkov threshold
for protons is also shown (thin dotted vertical line).

from no collision at all). Thus we assume that after a
nuclear collision, there are no relativistic protons, neither
the original proton nor any accelerated target protons.
Now we consider the �Cerenkov signatures of the struck

protons, assuming that a single nuclear collision brings
the proton below the �Cerenkov threshold. Protons have
several unique PID characteristics. Since the proton ve-
locity is constant until that collision, the �Cerenkov angle
and intensity are constant until they abruptly vanish.
While the protons are relativistic, they do have � < 1, so
their �Cerenkov angle is less than the 41Æ for relativistic
electrons and muons. Just as for muons, the outer edge
of the �Cerenkov rings is sharp for protons. However,
since their �Cerenkov angle is both smaller and constant,
proton rings are �lled in very densely and at a constant
rate. The proton path length is rather short, of order
�N ' 80 cm, compared to the several meters typical of
muons, and thus the proton events are always fully con-
tained. When the proton is abruptly stopped, the inner
edge of the �Cerenkov rings is also sharp, unlike for muons
or electrons.
The number of �Cerenkov photons produced per unit

path length and photon wavelength interval by a particle
of unit charge and velocity � is

d2Nph

dxd�
=

2��

�2

�
1�

1

�2n2(�)

�
(4.4)

In Fig. 7 we compare how the �Cerenkov intensity and
angle vary with the distance traveled for muons (elec-
tromagnetic losses only) and protons (nuclear collisions
only). We choose the same initial velocities (and hence
the same initial �Cerenkov angle and intensity), using
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FIG. 7: �Cerenkov intensity (upper plot) and angle (lower
plot) as a function of the traveled path length in water for
muons (solid lines) and protons, considering only nuclear col-
lisions (dashed lines) or only electromagnetic losses (dotted
lines). From bottom to top, the initial velocities are � = 0:8,
0.9, and 0.95. The �Cerenkov intensity is calculated for visible
light, without attenuation or detection eÆciency. With elec-
tromagnetic losses neglected, individual protons always stop
abruptly, but with a distribution of path lengths, Eq. (4.1);
we used the average path length �N in the �gure.

� = 0:8, 0.9, and 0.95, to highlight how the muon and
proton stopping mechanisms di�er. These correspond to
muon momenta of 140 MeV, 220 MeV, and 320 MeV;
and to proton momenta of 1.25 GeV, 1.95 GeV, and 2.85
GeV. Muons of a given � travel a well-de�ned distance
before they fall below the �Cerenkov threshold. However,
protons of a given � travel a variety of distances, sam-
pled from the distribution in Eq. (4.1). In Fig. 7 we have
adopted �N as the path length for protons, since this is
the average value.
Most muons in the SK atmospheric neutrino data have

much longer track lengths than shown here, and hence
are distinguishable. Those muons shown in Fig. 7 have
path lengths short enough to be confused with protons,
but have very di�erent �Cerenkov characteristics. In addi-
tion, excepting the 20% of negative muons that capture
on oxygen, fully contained muons can be tagged by their
subsequent decay to an electron or positron of up to 53
MeV. Thus it should be possible to distinguish protons
from muons with very high eÆciency on an event-by-
event basis. In some SK Ph.D. theses [14] the neutrino-
proton elastic scattering cross section was included in the
atmospheric neutrino Monte Carlo. Those events were
automatically classi�ed as e-like or �-like and then con-
sidered to be buried by the much larger quasielastic event

1 1.2 1.4 1.6 1.8 2

Struck proton momentum, p [GeV]

0

0.2

0.4

0.6

0.8

1

F
N

FIG. 8: The fraction of protons that go below the �Cerenkov
threshold by a nuclear collision as a function of proton mo-
mentum. The �Cerenkov threshold for protons in water is also
shown (thin dotted vertical line)

samples. Most were classi�ed as �-like, which is why we
have emphasized distinguishing protons and muons. In
fact, protons should be quite distinguishable from elec-
trons as well.
Since the nuclear cross section is nearly constant, the

proton track length is a poor estimator of the proton
momentum, and event-by-event track length 
uctuations
from Eq. (4.1) are more important. However, the pro-
ton momentumcan be reliably estimated by the constant
�Cerenkov angle and intensity, since those vary apprecia-
bly in the momentum range considered, where � < 1.

C. Proton PID: Inclusion of �dE=dx E�ects

From Fig. 6, it is clear that for protons with momen-
tum somewhat above the �Cerenkov threshold, electro-
magnetic losses can be neglected, as we have assumed.
However, right at the �Cerenkov threshold, this is no
longer true, since the �dE=dx losses are greater and the
range is as small as the nuclear interaction length. Thus
the proton behavior is di�erent, as it is continuously slow-
ing down. It may �nally go below the �Cerenkov threshold
by either further electromagnetic losses or a nuclear col-
lision. In Fig. 7, we show results for nuclear collisions
only (dashed lines), as well as for electromagnetic losses
only (dotted lines).
Since the nuclear interaction length is nearly indepen-

dent of momentum, the fraction FN of protons brought
below the �Cerenkov threshold by a single nuclear collision
is:

FN (p) ' 1� e�r(p)=�N (4.5)

where r(p) is the distance a proton travels before going
below the �Cerenkov threshold, considering only electro-
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magnetic losses, and �N = 80 cm. Note r(p) is not the
full range, and a 1 GeV proton still travels about a me-
ter, though invisibly. The fraction FN is shown in Fig. 8.
Lower-momentum protons are a�ected most by electro-
magnetic energy losses. Protons with p >� 1:25 GeV are

more likely to be brought below �Cerenkov threshold by
a nuclear collision than by electromagnetic losses. In
fact, if we convolve this curve with the falling spectrum
of struck protons, Fig. 4, about half of all protons are
brought below �Cerenkov threshold by a nuclear collision.
For the protons brought below threshold by a nu-

clear collision, the discussion above about proton PID
neglecting electromagnetic losses is the most appropri-
ate, though in some cases there will be some slight de-
crease in the �Cerenkov angle and intensity before they
abruptly vanish. The remaining protons fall below the
�Cerenkov threshold more gradually, e.g., the lowest mo-
mentum case (� = 0:8) in Fig. 7, for which electromag-
netic losses dominate. Nevertheless, the �Cerenkov be-
havior is still quite di�erent from muons. For muons at
the same initial �, protons go much farther and produce
much more �Cerenkov light. For muons that travel the
same distance above the �Cerenkov threshold, the proton
�Cerenkov angle is much smaller and falls o� more slowly
with distance (the proton velocity is also less, leading to
a higher �Cerenkov ring density on the wall). Thus even
low-momentum protons should be quite distinct from
muons (and electrons). Finally, when electromagnetic
losses dominate, the proton momentumcan be estimated
by conventional �Cerenkov techniques.

D. Possible Complications

Since the number of neutrino-proton elastic scattering
events above the �Cerenkov threshold is small, of order
10 per year in SK, careful consideration of backgrounds
will be necessary. Above, we have motivated the case
that protons are distinguishable from the more numerous
electrons and muons from the quasielastic channel; we
now consider other possible backgrounds.
One possible background is from the quasielastic chan-

nel, �� + n ! �� + p, but with the muon below the
�Cerenkov threshold and the proton above it. How-
ever, the total number of quasielastic events with a sub-
�Cerenkov muon is very low, about 35 per year in SK [32].
Most of these are produced by low-energy neutrinos; for
high-energy neutrinos, the fraction with a relativistic pro-
ton is only about 2%. Thus this background is negligible.
There are also neutrino-neutron elastic scattering

events (in fact, the cross section is about 1.5 times larger
than for protons) in which the struck neutron carries a
large momentum. Such events are of course invisible in
SK. However, the struck neutrons can sometimes scat-
ter a proton with enough momentum transfer that the
proton is above the �Cerenkov threshold. In the E734 ac-
celerator neutrino experiment, it was estimated that such
events were about 15% of the measured neutrino-proton

elastic scattering signal. It should be less here since that
tracking calorimeter had a lower (sub-�Cerenkov) thresh-
old for protons. Note also that such events would par-
tially compensate the loss of neutrino-proton elastic scat-
tering events from nuclear reinteractions.

We ignore the production of pions, in the initial inter-
action, by proton reinteraction in the initial nucleus, or
in the �nal nuclear collision. Pions produced in the ini-
tial interaction are not part of the neutrino-proton elas-
tic scattering channel, and cause multi-ring events. We
are only considering single-ring events. Neutral-current
single-pion events with the pion absorbed in the nucleus
could be a background to the elastic channel; however,
the fraction of these events with a proton above the
�Cerenkov threshold should be even lower than 2%, due to
kinematics. Monte Carlo and real data on on quasielastic
scattering using accelerator neutrinos in the K2K SciFi
detector suggest that secondary pion contributions are
minimal [21]. In their Monte Carlo results, which have
a much more complete treatment of the physics than we
have presented here, the track multiplicity was always 1
(muon) or 2 (muon and proton), and never 3 (including
secondary pions). Additionally, pions created in the �nal
nuclear collision would be delayed from the initial proton
by several nanoseconds. The �gures in Ref. [21] also sup-
port our assumption that when a high-momentumproton
has a nuclear collision, it su�ers a large momentum loss
without accelerating new protons.

Another possible source of background is atmospheric
muons interacting with the surrounding rock and pro-
ducing fast neutrons that can enter the detector with-
out triggering the veto. These neutrons could in princi-
ple scatter protons above the �Cerenkov threshold. Most
neutrons are far too low in energy to be e�ective [33]
and neutrons are strongly attenuated by the 4.5 m water
shielding. Incidentally, neutrino-proton elastic scattering
events might be visible in the Soudan-2 experiment [34],
which has much less mass and shielding than SK but can
detect lower-energy (sub-�Cerenkov) protons in a track-
ing calorimeter. The number of events could be a few
tens, but the neutron backgrounds could be compara-
ble [6]. We are not aware of any oÆcial analysis of these
events by the Soudan-2 collaboration. Fast neutrons from
the walls can also produce neutral pions by nuclear col-
lisions in the detector; if the two photon rings from the
decay are overlapping, this can resemble an atmospheric
�e event [35]. However, the SK collaboration has shown
that such events contribute less than 0.1% of the atmo-
spheric �e signal [36, 37].

In summary, a full Monte Carlo study will be needed
to correctly implement the initial neutrino interactions,
possible nuclear reinteractions, pions, nuclear stopping
and electromagnetic losses, backgrounds, and most im-
portantly the PID in a realistic detector. Nevertheless,
we believe that it looks promising that the relatively few
(of order 10 per year in SK) neutrino-proton elastic scat-
tering events above the �Cerenkov threshold can be de-
tected with little background.
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V. RELATED APPLICATIONS

A. Accelerator Neutrinos: NC and CC Channels

We are not aware of any experiments with p = 1 � 2
GeV proton beams in �Cerenkov detectors that would test
the PID techniques introduced above. However, it should
be possible to use accelerator neutrino beams to initiate
neutrino-proton elastic scattering events in the right mo-
mentum range. The spectrum of accelerator neutrinos
does not extend as high in energy as for atmospheric neu-
trinos (though note Fig. 5 shows that most of the signal
comes from low energy neutrinos), but the total numbers
of events expected are much larger.
The K2K 1-kton near detector would be a good place

to start, as this detector is designed to mimic SK [38].
This data could be very useful for developing proton PID
techniques. It would also be useful to study quasielastic
events in which the proton is above the �Cerenkov thresh-
old; these are about 8 times more numerous than the
comparable elastic events (though �NC=�CC ' 0:2, the
ratio of the di�erential cross sections for p ' 1�2 GeV is
smaller). Measuring both the outgoing lepton and proton
would allow reconstruction of the neutrino energy, useful
for measuring the neutrino spectrum. With � 105 events
expected, we estimate � 103 quasielastic and � 102 elas-
tic events with a relativistic proton.
The MiniBooNE detector [39] could also be used. Since

it is designed to test the LSND signal (small mixing angle
and large Æm2) [4], it can be considered a near detector
for oscillations with the atmospheric Æm2. It contains
0.68 ktons of mineral oil, and is primarily a �Cerenkov de-
tector (about 3:1 �Cerenkov to scintillation light). Mini-
BooNE has unique characteristics that will help proton
PID. The index of refraction in oil (' 1:5) is larger than
in water, allowing a lower �Cerenkov threshold (and larger
angle and intensity). The density of oil (' 0:8 g/cm3)
is less than for water, which means longer tracks. And
once a proton falls below the �Cerenkov threshold, it still
produces scintillation light. With � 5 � 105 events ex-
pected, we estimate � 5� 103 quasielastic and � 5� 102

elastic events with a relativistic proton. These studies
would be an appealing complement to plans to measure
the elastic scattering cross section at Q2 = 0, a test of
the strange quark contribution �s to the proton spin [40].
The combined elastic and quasielastic data could measure
the Q2-dependence of the uncertain axial form factor.

B. Atmospheric Neutrinos: CC Channel

As noted, we expect about 8 times more quasielastic
than elastic events with a proton above the �Cerenkov
threshold. Thus we estimate about � 300 such events
in the 1489-day SK data. Taking �� oscillations into ac-
count would reduce this number since �� oscillate to ei-
ther �� (mostly below the CC threshold) or �sterile. This
has a very important consequence from the point of view

of atmospheric neutrino oscillations, as it would allow the
determination of the neutrino energy and direction on an
event-by-event basis, allowing a better measurement of
the L=E dependence of oscillations. Note also that these
quasielastic events with a proton are produced only by
neutrinos, and not antineutrinos, useful to studying mat-
ter e�ects and the neutrino/antineutrino ratio [41].

VI. CONCLUSIONS

We propose that neutrino-proton elastic scattering,
�+p! �+p, could be a useful detection reaction for at-
mospheric neutrinos in SK. The fraction of protons above
the �Cerenkov threshold is not large, only about 2%, but
there should be about 40 identi�able events in the present
1489-day data. We have shown that it should be possi-
ble to separate protons from electrons and muons, since
the relevant protons are not fully relativistic and will
typically be stopped by a single nuclear collision. Proton
�Cerenkov rings have sharp outer and inner edges, are very
densely �lled, and correspond to a short path length and
small �Cerenkov angle. These are fully-contained, single-
ring events. In order to test our proposal, a detailed
detector Monte Carlo simulation will be needed.
Neutrino-proton elastic scattering is a neutral-current

reaction and so measures the total active neutrino 
ux.
For the relevant neutrino energies, oscillations occur at
the distance to the horizon. In addition, protons above
the �Cerenkov threshold preserve the neutrino direction.
These facts mean that this data can be used to test atmo-
spheric �� ! �� versus �� ! �sterile oscillations. Since
there are normalization uncertainties in the atmospheric
neutrino 
ux, the cross section, and aspects of the detec-
tion, an up-down asymmetry test should be used. Let us
assume 40 identi�able events in the present SK data (no
oscillations). With oscillations, there should be 20 down-
going events and either 20 (�� ! �� ) or 13 (�� ! �sterile)
upgoing events. While not decisive, other techniques for
active-sterile discrimination are not individually decisive
either; they obtain their power in combination. Neutrino-
proton elastic scattering has the advantage of being clean
in concept. The rate in the proposed Hyper-Kamiokande
detector would be about 40 times larger [24].
Our results on neutrino-proton elastic scattering have

other immediate and important applications. First, us-
ing accelerator neutrinos, this channel can be seen in the
K2K 1-kton near detector and in MiniBooNE. This data
will reduce the cross section uncertainties and develop
the proton PID techniques. Tagging relativistic protons
will be similarly useful in the quasielastic channel in these
detectors. Second, for a small fraction of the atmospheric
neutrino quasielastic events, the proton is relativistic and
can be tagged using the techniques presented here. This
uniquely selects �� (not ���) events, useful for understand-
ing matter e�ects, and allows determination of the neu-
trino energy and direction, useful for studying the L=E
dependence of oscillations.
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